Since the introduction of the first anti-tumor necrosis factor antibodies in the late 1990s, biologic therapy has revolutionized the medical treatment of patients with inflammatory bowel disease (IBD). Nevertheless, surgery continues to play a significant role in treating IBD patients. Rates of intestinal resection in patients with Crohn's disease or colectomy in ulcerative colitis are reducing but not substantially over the long term. An increasing variety of biologic medications are now available to treat IBD patients in various clinical situations. Consequently, a number of questions persist about how biologic medications affect the need for surgery and overall course in IBD patients. Given the trend for earlier and more frequent use of biologic medications in IBD patients, a working knowledge of the effects of these medications on surgical decision-making and outcomes is essential for the practicing colorectal surgeon and gastroenterologist. This review seeks to summarize the relevant literature surrounding biologic use and IBD surgery with a focus on the effect of biologics on the frequency, type and complications of surgery in this 'age of biologics'.
Introduction
Inflammatory bowel disease (IBD), consisting of ulcerative colitis (UC), Crohn's disease (CD) and indeterminate colitis (IC), is a broad group of autoimmune disorders primarily affecting the gastrointestinal tract. IBD has a prevalence of approximately 400 cases per 100,000 people in the USA and accounts for 3 to 6 billion dollars of health-care costs per year [1] [2] [3] . Surgery has historically been common in this population, with a lifetime risk of surgery ranging from 50% to 80% in CD patients and colectomy rate reaching 30% in UC patients [4] [5] [6] . In the past two decades, the introduction of the 'biologics' has revolutionized the medical approach to IBD, with use rates reported as high as 40% in CD patients and 16% in UC patients [7, 8] . However, despite the emerging trend for early and frequent biologic use for the management of severe IBD, biologic therapies have not eliminated or even significantly reduced the need for surgery in this patient population [5, 7, 9] . Thus, with an increased prevalence of surgical patients being treated with biologics, a working knowledge of the available biologic therapies and their effect on surgical care for the IBD patient is essential for the practicing colorectal surgeon.
What are the biologics?
Biologics are active compounds derived from living cells [10] . In the treatment of IBD, the term 'biologics' refers to monoclonal antibodies against inflammatory immune mediators. They are distinct from the immunomodulatory drugs discussed in the literature, which traditionally include medications such as azaio- For commercial re-use, please contact journals.permissions@oup.com thioprine (AZA), 6-mercaptopurine (6-MP), methotrexate (MTX) and cyclosporine. There are currently three main classes of biologics: tumor necrosis factor (TNF)-a inhibitors (infliximab, adalimunab, centrolizumab pegol and golimumab), integrin a 4 b 7 inhibitors (natalizumab and vedolizumab) and an inhibitor of cytokines IL-12 and IL-23 (ustekinumab). Additionally, there are biosimilars, which are biologic medicines that are highly similar to the original drug and are intended to have no meaningful differences in safety, purity and potency [11] . Biosimilars for infliximab and adalimunab are currently on the market in the USA. Biologics are administered intravenously or subcutaneously with dosing intervals ranging from weekly to every several months. Of note, occasionally, a new therapy for an inflammatory condition is referred to as a biologic. An example is the drug tofacitinib, an orally administered small-molecule Janus Kinase (JAK) Inhibitor recently approved for the treatment of UC and often discussed in the literature alongside the monoclonal antibodies.
What is the biologic era?
The first biologic approved for human use by the Food and Drug Administration (FDA) was a recombinant form of insulin called Humulin in 1982 [12] . The first monoclonal antibody drug was muromonab, an anti-T-cell antibody used to prevent rejection in kidney transplant. In 1997, the first randomized trials showed efficacy of the of monoclonal antibody cA2, which would later become infliximab, in the treatment of CD [13] . Infliximab was approved by the FDA for use in 1998. In 2007, both centroluzimab and adalimunab were approved for IBD in the USA. Five other monoclonal antibodies have followed in the subsequent decade, along with the first use of biosimilars for IBD in Europe in 2014 and in the USA in 2016 (Figure 1 ).
Since the FDA approval of infliximab, biologic use has expanded rapidly. In a 2005 study demonstrating the efficacy of centroluzimab in CD treatment, approximately 20% of participants already had prior exposure to another TNF-a inhibitor [14] . Population-based data from Western countries through 2011 indicate that 5%-10% of patients with IBD have been exposed to a biologic treatment; the proportion is even higher in referral centers, with as many as 30% of patients requiring surgery having been treated with biologics [9, [15] [16] [17] [18] . More recently, a 2018 study of insured patients in the USA showed that use of biologics in CD patients had risen from 20% to 40% between 2009 and 2015, and from 5% to 16% in UC patients [19] . Given the earlier and more frequent use in severe IBD, as well as the ongoing emergence of new biologic therapies, it is apparent that we are now in the biologic era of treatment, and are likely to remain so for some time [8] .
Crohn's disease
Have biologics changed the rates of surgery in patients with CD?
The lifetime risk of bowel resection in CD patients has historically been very high. Some reports from the latter half of the twentieth century show the prevalence of intestinal resection in the range of 70%-80% [20, 21] . These percentages have improved over time and patients diagnosed in the 1990s had an approximate 14%, 28% and 39% risk of surgery at 1, 5 and 10 years, respectively, from initial diagnosis [22] . The first randomized trials of biologic therapy in luminal CD (ACCENT I and CHARM) took place in the early 2000s [23, 24] . The rates of surgical interventions in these study patients were impressively low, ranging from 0.6% to 3.0% at 1 year in the groups treated with regularly dosed biologic medication [25, 26] .
However, these low rates of surgery in the initial randomized trials did not immediately translate into the general population. A number of observational studies show only a modest decrease, if any, in surgical rates, mostly evident within the first years of diagnosis [17, [27] [28] [29] [30] [31] [32] . These studies and others have been comprehensively reviewed by several groups who generally agree that, in the years following initiation of the biologic therapy, 1-and 5-year surgical rates in CD patients range from 10%-20% to 20%-35%, respectively [6, 21, 22] .
Predictably, the use of biologic therapy in these cohorts varied. In a study of 3400 patients from Manitoba, only 5% of patients after 2001 were being treated with infliximab and the 5-year risk for surgery in the total CD population after 2001 was 18% [17] . On the other hand, a report of 296 patients treated at Nancy University Hospital in France from 2000 to 2008 (all diagnosed after 2000) demonstrated 65% biologic usage overall [33] . Of all patients who would undergo surgery, 60% had been treated with at least one biologic agent. The majority of these patients received only infliximab, 26% received infliximab then adalimunab, 6% only adalimunab and 2% received infliximab then adalimunab and finally certolizumab prior to their operation. The Nancy cohort's 5-year risk for surgery, however, was comparable to the Manitoba cohort at 25%. Several observational studies have examined the rates of surgery in CD patients treated with a biologic (Table 1) . Schnitzler et al. [34] found a 27.1% surgery rate among 614 patients treated at a single Belgian center with a median followup of 4.6 years. Subsequent evaluations of the Nancy cohort found that patients undergoing therapy with either infliximab or adalimunab had a cumulative 6.2% and 24.9% surgical rate at 1 and 5 years, respectively [31] . In a Dutch study of 469 consecutive CD patients treated with infliximab at two referral centers, the rates for abdominal surgery were 8.62/100 patient-years in the overall cohort and 6.06/100 patient-years in those receiving scheduled doses [35] . Median follow-up in this group was 4.5 years; importantly, however, primary non-responders were excluded. A single-center retrospective study in Canada demonstrated a markedly lower surgical rate, with only 5/71 (7%) with a median follow-up of 62 months [36] . There have been several other studies with shorter follow-up whose rates of surgery in biologic-treated patients range from 15% to 33% [37, 38, 40] . A single study examining surgical outcomes in patients treated with vedolizumab demonstrated a 9.2% surgical rate at 24 months [39] .
While it appears that biologics have reduced early surgical rates in CD patients, the low intestinal resection rates demonstrated in early clinical trials have not been borne out in practice [21] . Furthermore, the populations being treated with biologics continue to change. Many early studies examined patients with long-standing disease and a history of previous resection, whereas, now, with more aggressive endoscopic and radiologic surveillance and higher use of biologics in the community, patients inevitably encounter biologic therapy sooner in their disease process.
Given the evidence that current medical treatment has not obviated the need for intestinal surgery in CD patients, the interaction between these two therapeutic modalities must be further examined. The risks and benefits of initiating aggressive medical therapy on patients who will eventually require surgery merit exploration, as it remains unclear whether pre-operative biologic treatment may reduce the extent of surgical resection or instead increase patient perioperative risk without the benefit of preserving more bowel.
Do biologics prevent recurrent surgery in patients with CD?
Unlike UC, there is no surgical cure for CD; thus, repeat operations in CD patients are quite common, especially at sites of previous anastomoses. Rates of re-operation 5 and 10 years following an initial resection are close to 25% and 35%, respectively [41] . Similarly to overall operative rates, these have decreased from historical rates as high as 70%-90% [20] . Successive resections leading to progressive shortening of the small bowel can have devastating clinical consequences. However, recent studies have demonstrated the benefit of early resection, indicating that optimal treatment of CD (especially ileocecal disease) does not necessarily dictate minimizing resection [42, 43] . Thus, understanding whether biologics can affect recurrence and re-operation rates following an initial operation is an important factor in operative planning.
There have been a number of small trials comparing biologics to placebos as well as to immunomodulators in post-operative recurrence [44] [45] [46] [47] . Endoscopic recurrence has been dramatically improved in the biologic group. Savarino et al. [45] demonstrated a 6% vs. 64% recurrence in endoscopic findings with adalimunab vs AZA at 2 years in 51 patients. Similarly, Yoshida et al. [46] saw 19% vs. 78% endoscopic recurrence at 1 year in 31 patients. Unfortunately, most of these trials had a small sample size and limited follow-up, and focused on endoscopic findings and clinical scores rather than repeat operations. The overall trend in these initial small studies, however, is that biologics appear superior to both placebos and immunomodulators in preventing post-operative CD recurrence.
Other studies have not shown a superiority of biologics in the post-operative period. Magro et al. [48] examined patients treated with AZA or AZA combined with infliximab and did not see a significant difference in the number of surgeries required. Recently published results of a blinded randomized-controlled trial (RCT) comparing post-operative adalimunab with AZA did not show any significant differences either in endoscopic recurrence or surgical rates [49] . In this patient population from Spain, the difference in 52-week re-operation rates between the two arms (4% and 7% in the adalimunab and AZA arms, respectively) was not statistically significant. Of note, patients did not receive adalimunab drug-level monitoring in this study, which has been shown to improve the efficacy of adalimunab treatment [50] .
The PREVENT trial is a multi-center RCT testing whether a scheduled dosing regimen of infliximab prevents recurrence in 'high-risk' post-operative CD patients [51] . At a median followup of 84 weeks, the investigators saw a reduction in endoscopic recurrence but not in clinical endpoints. Interestingly, surgery rates were very low, at between 1% and 2% in both the placebo and infliximab groups. When interpreting results in recurrent CD, it is important to remember that endoscopic recurrence is predicative of ultimate clinical recurrence, and thus longerterm results from these cohorts will be of great interest [52] . The POCER RCT also investigated optimal post-operative medical care for CD patients by comparing active endoscopic surveillance and a 'step-up' methodology with empiric drug selection [53] . Results were better in the active endoscopic surveillance and management group. This group also followed patients initially treated with adalimunab in the post-operative period due to thiopurine intolerance. While results were not significant, there did seem to be a trend towards improved results with immediate post-operative adalimunab. Taken together, these studies suggest that there is a benefit to biologic therapy compared to placebo post-operatively in high-risk CD patients, although a relative benefit over thiopurines may not be as clear.
When is it safe to start a biologic after surgery?
There are limited data regarding the optimal timing of initiation of biologic therapy in the post-operative period. Some studies have been equivocal about the benefit of early initiation [54] . However, historical data tell us that 90% of patients will have evidence of recurrence within 1 year [55] . The American Gastroenterological Association guidelines recommend early pharmacologic prophylaxis within 8 weeks of surgery [56] . The trend in most trials with 'high-risk' patients is to initiate therapy within 4 weeks. Data from randomized studies have not demonstrated an increased risk of adverse events with biologics vs placebos or biologics vs thiopurines when initiating early therapy [49, 51, 53, 57] . When planning to start biologic therapy post-operatively, there does not seem to be any additional risk to initiating within 4 weeks.
The issue of withdrawing biologic therapy once in clinical remission is both complicated and outside the scope of this review, although, with the growing prevalence of biologic therapy, the subject has been discussed often in recent years [58] [59] [60] . There have been limited studies on withdrawing biologic therapy in post-operative CD patients, all with dismal results indicating greater than 50% recurrence rate, mostly within 18 months [44, 47, 61] .
Do biologics increase perioperative complications in patients with CD?
There is an increased rate of perioperative complications in CD patients compared to the general surgical population [62] [63] [64] . Specific risk factors implicated in increased intra-abdominal complications include low serum albumin, pre-operative steroid use and pre-operative abscess [65, 66] . The effect of biologic therapy on perioperative complications is one of the most controversial topics in IBD surgery currently. The broad immunologic effects of biologic medications, as well as laboratory evidence demonstrating the role of TNF-a in wound and intestinal anastomosis healing, led to concerns about increased perioperative complication rates in patients on biologic therapy [67] [68] [69] . Over 20 retrospective studies well documented in a number of recent reviews have examined this question, and yet there is no clear answer, likely due to the varying results, heterogeneous populations and lack of precisely defined preoperative biologic use (defined in most studies as any use within 3 months of surgery) in the retrospective data [70] [71] [72] [73] [74] .
Acknowledging these limitations, there have been several meta-analyses published from which some conclusions can be drawn [75] [76] [77] [78] [79] [80] (Table 2 ). These meta-analyses conclude that there is an increased risk of perioperative complications in patients on pre-operative biologic therapy. The most consistently elevated risk was infectious complications, which occurred in approximately 20% of patients (OR approximately 1.5 across four studies, compared to no pre-operative biologic therapy). There was disagreement regarding the effect of biologic use on anastomotic complications, as well as total complications, although most showed total complication rate in excess of 20% and as high as 56%. Additionally, patients treated with pre-operative infliximab were more likely to be on combination therapy with immunomodulators, including, but not limited to, corticosteroids.
Do serum drug levels matter at the time of surgery?
As experience with biologic treatment grows, there is an understanding that treatment history and timing are insufficient to assess drug activity. Several studies have correlated serum drug levels with clinical outcomes [81] [82] [83] [84] (Table 3) . Lau et al. [82] reported a single-surgeon series of close to 200 IBD patients undergoing abdominal surgery over 13 years where serum samples had been drawn in the perioperative period. Several interesting findings came out of this study. The first is that only 53% of patients (75/142) who reported TNF-a inhibitor use had a detectable level at the time of operation. Patients with CD as compared to those with UC were more likely to have a detectable level (75% vs. 25%) and those levels were likely to be higher. The overall complication rate in this series was 31%, with a trend towards significance for increased risk of complications in those patients with a detectable TNF-a inhibitor level. However, only in the subgroup analysis of patients with a serum drug level above or below 3 lg/mL did these comparisons reach statistical significance. In this group, the risks of total complications were 34% and 17% and infectious complications were 23% and 9% for the high and low drug levels, respectively.
On the other hand, Fumery et al. [83] reported outcomes of a prospectively gathered database of adult CD patients undergoing ileocecal resections. In this cohort of 209 patients, 44% and 21% reported TNF-a inhibitor use within 3 and 1 months before surgery, respectively. Serum drug levels were measured in 76 patients and found to be >1 lg/mL in 40 patients and >3 l/mL in 36 patients. The overall complication rate in the cohort was 20.5%. Neither TNF-a inhibitor use nor level was associated with increased risk of complications. Multivariate analysis demonstrated that only pre-operative steroid use within 1 month before surgery was significantly associated with increased risk of complications (OR 2.69, 95% confidence interval (CI): 1.15-6.29). Although reconciling the results of these contradictory studies is difficult, both studies highlight the variability of serum drug levels in perioperative IBD patients-notably that approximately half of patients with a history of recent biologic use had a serum level of less than 1 lg/mL at time of surgery.
Do non-TNF-a inhibitor biologics carry the same risk of complications?
There are limited data on non-TNF-a inhibitor biologics and perioperative outcomes but, predictably, the studies disagree on their effect. Two studies have examined perioperative outcomes with vedolizumab [85, 86] . Mechanistically, the gut specificity for vedolizumab held promise for fewer systemic side effects. Lightner et al. [85] conducted a retrospective single-center review of 94 IBD patients who had received vedolizumab within 12 weeks before major abdominal surgery, compared to contemporary controls treated with TNF-a inhibitors and nonbiologic therapy. They found a significant increase in overall complications-53% for vedolizumab vs. 33% for TNF-a inhibitors, and 28% for non-biologics-of which most were surgicalsite infections. Meanwhile, Yamada et al. [86] conducted a similar retrospective study, including all operations while limiting inclusions for drug exposure to within 4 weeks before the operation. Neither in total nor in the CD subgroup analysis was either vedolizumab or TNF-a inhibitor treatment associated with higher risk of complication infectious. The overall complication rate was 23.4% for vedolizumab vs. 31% for TNF-a inhibitors and 35.6% for non-biologics.
Given the contradictory results, heterogeneity in populations and evolving understanding and administration of biologic therapy, it is difficult to make generalizations about the effect of biologic medication on perioperative outcomes. Nevertheless, the data can support several conclusions. First, the rate of perioperative complications in CD patients remains high in the era of biologics and is likely modestly increased in those who have taken biologics. Whether this is a causal association or simply correlation between biologic use and disease severity-as well as multimodal treatment further increasing complication risk-remains unclear. Additionally, a history of a recent dose of biologic medication can confer very different effects on individual patients and measurement of biologic level may become increasingly important in pre-operative workup. Finally, with the approval and adoption of other classes of biologic drugs and the inevitable entry of biosimilars into the market, the only sure thing is that some element of uncertainty will persist.
Have biologics changed surgery in perianal CD?
Perianal CD, characterized mostly by fistulae, abscesses, strictures and ulcers with associated pain and loss of continence, likely affects around 40% of CD patients over their lifetime [87, 88] . Prior to the biologic era, treatment focused around surgical drainage, antibiotics and immunomodulators. Depending on the study, between 5% and 20% of all CD patients required surgical intervention for perianal involvement and half to twothirds of patients with perianal disease require intervention [89] [90] [91] . In the pre-biologic era, there was a 10%-20% rate of proctectomy in complicated perianal disease and fecal diversion rates were high [89, 92, 93] .
Early trials of infliximab demonstrated improvements in both partial and complete healing of perianal fistula, as well as increasing the time to relapse in the infliximab-treated group compared to placebo [94, 95] . However, symptom resolution occurred in only 46% of initially treated patients and fistulas recurred in 22% of biologic-treated patients at 52 weeks. Subsequent studies also demonstrated the benefit of adalimunab but, again, complete healing rates were low, at only approximately one in three patients [96] . A recent review of outcomes in biologic therapy summarizes some of the reporting inconsistencies in studies to date [97] . While some studies demonstrate a benefit in the majority of patients, complete healing or clinical absence of symptoms occurs in only approximately 30%-40% of patients with biologic treatment.
There is an increasing body of data advocating a combined approach of exam under anesthesia, surgical drainage of abscess if necessary, non-cutting seton placement and biologic therapy initiation as the initial therapy for perianal CD [98] [99] [100] [101] [102] . Multiple single-center cohorts have reported their experience with this approach, although no randomized trials have been conducted. El-Gazzaz et al. [99] reported 218 patients with a mean follow-up of 3 years who had undergone surgery for perianal CD. Improvement was seen in 71.3% in patients on biologics but only 35.9% in patients without. Complete healing was only seen in 36.6% of patients in biologics, which was increased but not significantly from 26.5% patients not on biologics. Seton placement followed by fistulotomy and finally endorectal advancement flap were the most common operations. Gaertner et al.
[100] presented a retrospective series of 226 patients with high rates of success in both the infliximab-treated and untreated group (60% vs. 59%); however, the infliximabtreated group healed faster, in an average of 6 vs. 12 months (mean follow-up 30 months). Additionally, the most common procedure in the infliximab group was seton drainage (62%), whereas, in the non-infliximab group, fistulotomy occurred in 50%. Active proctitis was more than twice as prevalent in the infliximab group as well (90% vs. 40%). Rates of proctectomy (8% vs. 10%) and fecal diversion (6% vs. 6%) were comparable between the subgroups. Haennig et al. [101] presented 81 patients of whom 80% were treated with drainage if necessary and seton placement followed by infliximab infusion. With a median follow-up of 64 months, 87% of all patients initially healed. However, 44% recurred and 67% of those patients healed again. Shorter duration of seton drainage <2.5 months and shorter duration of infliximab <2.5 months were associated with healing. Of note, 90% of the patients in this cohort were on combination therapy with either AZA or MTX. Bouguen et al. [102] reported the results from the Nancy cohort of perianal CD treated with infliximab. In this cohort of patients, 63% underwent seton drainage and 64% healed at least one fistula within this cohort, although there was a 33% recurrence. In their multivariate analysis, they identified combination therapy of infliximab with immunosuppressant medication, as well seton removal prior to 34 weeks, as two distinct positive predictors of fistula closure.
For complex intrasphincteric or transphincteric fistulae that are not amenable to fistulotomy, there are a number of procedures including fibrin glue, porcine plug, advancement flap and ligation of the intersphincteric fistula tract, all of which have been performed in the CD population mostly in small studies. The results are mixed and have been summarized well in other reviews; the effect of biologic therapy on these treatments has not been studied [103, 104] . Local injections of biologics have been suggested and two small open-label trials have been performed with adalimunab and infliximab [105, 106] . Early results were promising but each trial had fewer than 20 patients and no larger or randomized trial has yet been published.
Population-based data from England do show that the rate of proctectomy has decreased in the biologic era. Proctectomy made up 16% and 14% of perianal surgeries in CD patients from 1989-1995 and 1996-2001, respectively. However, proctectomy comprised only 6% of perianal CD surgeries from 2002 to 2009 [89] . One meta-analysis did examine studies of fecal diversion for the treatment of perianal CD before and during the biologic era [107] . Overall, 64% of patients improved with fecal diversion and 41% of patients eventually underwent proctectomy. They found that, during the biologic era, restoration was more often attempted (44% vs. 31%, P ¼ 0.18) but there was no significant difference in durable success of restoration (18% vs. 14%).
Similarly to data surrounding perioperative complications and the biologic drugs, the data surrounding optimal treatment for perianal CD in the biologic age are both heterogeneous and mostly retrospective. A recent systematic review examining the effect of biologics on combined medical-surgical therapy of perianal CD concluded that the studies were too heterogeneous to perform meta-analysis statistics [98] . That being said, those authors suggested (as do we) that a combined approach with surgical drainage, non-cutting seton placement and biologic therapy with or without additional immunomodulators is likely the best treatment in the biologic age. Again, significant questions remain. Is combination therapy with immunomodulators better than biologics? How will biologic treatment affect seton management? Will it meaningfully alter the success of fistula operations, and thus the risks and benefits of possible sphincter-damaging procedures? Currently, the PISA RCT is being run in Europe to address some of these questions; however, no results have been published yet [108] .
Ulcerative colitis
Have biologics reduced the need for colectomy in patients with UC?
Between 10% and 30% of UC patients will ultimately require a colectomy [4, 22, 109] . Patients undergo total abdominal colectomy, proctocolectomy or, in rare cases, partial colectomy for the management of dysplasia or cancer, medication intolerance or, in the vast majority (90%) of cases, for medically refractory disease [110] . Biologic therapy for UC was first approved in the mid2000s. Early trials showed that biologics were effective in staving off urgent or emergent colectomy in the setting of active disease [111] [112] [113] . However, many patients continue to ultimately require colectomy, generating questions about how biologic use should affect surgical decision-making in terms of timing, approach and choice of operation [5, 114] . Patients with UC present to surgeons in various states of disease severity, from fulminant colitis requiring emergent operation to asymptomatic dysplasia found on colonoscopy, in the setting of well-controlled disease. Such a wide variety of presentations in this group of patients makes generalized recommendations about their perioperative treatment challenging, if not impractical [114] .
There have been several randomized-controlled studies examining colectomy rate following treatment with infliximab versus placebo. The largest of these studies were the ACT I/II studies in which 728 patients with moderately to severely active UC were randomized to treatment with infliximab or placebo [111, 112] . At 54-week follow-up, the colectomy rate was 10% in the infliximab-treated group and 17% in the placebo group. Importantly, patients who had received steroids within 2 weeks or were deemed likely to require colectomy were excluded. A smaller RCT examined 45 patients with moderately to severely active colitis following a 3-day treatment with IV steroids, who were then randomized to receive infliximab or placebo [113] . At 3-month follow-up, 29% of infliximab patients and 67% of placebo patients had required colectomy; however, at 3-year follow-up, 50% of patients from the infliximab treatment group had undergone colectomy [115] . Further information about long-term colectomy rates can be seen in two studies comparing infliximab and cyclosporine for steroid-resistant UC flares [116, 117] . The CONSTRUCT trial demonstrated a 41% colectomy rate at 3 years in patients initially treated with infliximab [116] . Meanwhile, Laharie et al. [118] demonstrated a 17% and 21% colectomy rate at 3 months for cyclosporine-and infliximabtreated patients, respectively. Follow-up data for the infliximab group at 1 and 5 years showed rates of colectomy-free survival to be 69% and 65%, respectively.
There have been a number of retrospective studies reporting colectomy rates in biologic-treated UC patients, with notable heterogeneity in study populations [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] (Table 4) . Patients on a spectrum of disease from severe acute colitis to chronic refractory colitis were followed, and the number of patients continued on biologic maintenance therapy varied between studies. Overall, the colectomy rate ranged from 14% to 53%. In two of the largest cohorts-the Leuven (121 patients) and Nancy (191 patients) cohorts-colectomy rates were comparable at 17% (median follow-up of 33 months) and 18.8% (median follow-up of 18 months) [120, 121] . More recently, Swedish investigators reported their experiences with both acute refractory colitis and chronic active colitis. The acute refractory colitis cohort of 211 patients showed a 71% rate of colectomy-free survival at 3 months, which fell to 64%, 59% and 51% at 1, 3 and 5 years, respectively [122] . Meanwhile, the chronic active colitis group had an overall colectomy rate of 27% at 2.9 years [123] . Finally, Baki et al. [125] presented an interesting cohort treated as outpatients in a 'real-world' setting. They demonstrated a 20% colectomy rate during a median follow-up of 27 months following initiation of biologic therapy. Among those patients, 28% were treated with both infliximab and adalimunab; of note, the median duration of biologic therapy prior to colectomy was 9 months (range 2-44 months) and patients with acute severe colitis were excluded.
Several trends emerge from examination of these studies. First, several studies highlight the markedly high rate of colectomy (50%) in initial non-responders to biologic therapy. Additionally, the vast majority of colectomies occur in the first 2 years following initiation of treatment in these cohorts. Finally, smaller studies with earlier publication dates appear to have higher colectomy rates. Ultimately, a 2013 systematic review and meta-analysis of this literature presented mixed results regarding the effect of infliximab treatment on colectomy [128] . As expected, RCTs showed a reduced risk of major abdominal surgery in infliximab-treated patients with a numbers needed to treat of 11 for 1.2 years; meanwhile, pooled results from observational studies showed a non-significant increase, although authors urge skepticism in the interpretation of this finding given the heterogeneity of study populations and lack of adjustment for disease severity.
Several population-based studies have compared colectomy rates just prior to the introduction of biologics and after their adoption [15, 18, 129, 130] . Jeuring et al. [15] .4% to 7.5% and 10.4% to 9.1%, respectively. Biologic use was 2% and 9%. Similarly, a study from Edmonton, Canada, showed that the colectomy rate had been increasing prior to 2005 and then began to decrease, with a steeper reduction in emergent compared to elective colectomies [129] . A 2013 meta-analysis showed decreasing 1-, 5-and 10-year colectomy rates (4.1%/ 9.9%/13.7% vs. 2.7%/7.6%/Not reported) from incident cases between 1990-2011 and 2000-2011 [22] . In contrast, however, a study of a large US insurance database comparing patients diagnosed with UC in 2003 and 2011 found an increasing rate of colectomy at 2 years from 1.9% to 3% [130] .
Some studies have also examined risk factors for colectomy in these populations [16, 109, 122, [131] [132] [133] . As expected, the extent of colitis and flare duration are associated with increased risk of colectomy. Additionally, several studies show that biologic use in itself is a risk factor for colectomy [109, 133] . Male sex and increasing age are associated with colectomy in some studies but not others, and several studies highlight that those from rural or non-university-associated geographical locations [15, 133] . Unsurprisingly, hospitalization for a flare also predicts colectomy [132, 133] . Despite the heterogeneity of studies and in some cases contradictory results, there are several conclusions that can reasonably be made from the present literature about colectomies in UC. First, biologics can serve to delay colectomy in many patients with moderate to severe colitis undergoing a flare. However, while overall colectomy rates have decreased in recent decades, it is not clear that biologic treatment has substantially changed long-term colectomy risk. Being treated with a biologic indicates a more severe phenotype and some of these patients will ultimately require colectomy regardless of treatment strategy. Further study is necessary to help predict which patients will progress to colectomy, with better accuracy than can currently be predicted based on anatomical extent and temporal duration of disease.
Do biologics change the type of operation in patients with UC?
Total proctocolectomy followed by ileal pouch reconstruction is the gold standard for surgical treatment of UC. This is commonly performed in two or three steps and rarely in a single operation [134] . Multiple factors including pre-operative patient health and nutritional status, elective vs emergent setting and surgeon preference influence the choice of which operations are offered to UC patients seeking surgical cure [135] . Given concern about perioperative complications negatively affecting long-term pouch function, uncertainty about the perioperative effects of biologic medications and the influence that biologic medications have had on the overall health of patients seeking cure for medically refractory UC, it is no surprise that there is much debate about the choice between two-and three-stage operations in the biologic era.
There has been heterogeneity in the single-center studies that reported surgical experiences with UC patients on biologic treatment [136] . Owing to initial concern over the increased rate of perioperative complications, some argued that a three-stage approach was preferred in UC patients with recent biologic use [137, 138] . That being said, other centers have demonstrated that approximately 80% of ileal pouch-anal anastomosis (IPAA) operations can be done in two stages, even with increasing percentages of biologic-treated patients, and have reported equivalent, if not superior, outcomes with a two-stage approach [139, 140] .
Several population-based studies have demonstrated changing trends in two-stage vs three-stage surgeries in the years since biologic therapy began [9, [141] [142] [143] [144] . Two separate analyses of the Nationwide Inpatient Sample reveal several trends in the operative approach and patient characteristics since the introduction of biologics [9, 141] . The first is that the rate of total abdominal colectomy without proctocolectomy or pouch reconstruction as the first operation for UC patients is on the rise from 40% in the 1990s to 55% in 2011, with 2008 being the year that total abdominal colectomy became the most common procedure. The authors also reported an increase in malnutrition rates from 9.3% in 2003 to 15.6% in 2012, and a decrease in nonelective surgery from 38% to 27%. These numbers hint at the presence of a subpopulation of UC patients within the biologic era who, rather than receiving emergent operations, instead undergo prolonged medical therapy while chronically ill, developing significant malnourishment that precludes them from undergoing pouch reconstruction at the time of initial surgery.
Notably, these results are somewhat incongruent with an analysis of the NSQIP database from 2005 to 2011 [143] . Here, only patients with chronic UC were examined and emergent cases were excluded. In this population, two-stage operations increased in popularity throughout the biologic era, becoming more common than three-stage in 2006 and ultimately comprising just under 80% of non-emergent operations for chronic UC. Of note, the baseline malnutrition and pre-operative steroid use in this cohort is lower than some other series [139, 144, 145] .
Abelson et al. [144] reported trends in a comprehensive New York State database that showed a relatively steady rate of total abdominal colectomy as the initial operation between the prebiologic (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) and the biologic (2006-2013) cohorts. Additionally, they reported an increase in three-stage operations over time. Finally, they argued for a sicker population at baseline given the increased comorbidities including anemia, weight loss and obesity. A qualitative study from Japan evaluated self-reported statistics using questionnaires to departments of surgery, in which only 14% of respondents reported an increase in subtotal colectomy since the introduction of infliximab and tacrolimus whereas 33% reported decrease and 53% were unchanged [142] .
Given the disagreement in the single-center as well as population-based data, it is difficult to be definitive about trends in the choice of UC surgery since the introduction of biologics. Still, some initial conclusions are possible. The first is that the surgical population in the biologic era likely represents a 'sicker', more malnourished population that has likely had significant steroid exposure pre-operatively. Despite salvage strategies with biologics, non-elective surgery still represents 20%-30% of operations for UC and an initial total abdominal colectomy is the most common approach in these patients. Finally, if patients can be medically stabilized and go on to have elective surgery, a two-stage operation may be performed even in the setting of biologic use [143] .
Are perioperative complications increased in patients with UC on biologics?
There is ongoing debate about the effect of biologic medication on perioperative outcomes in UC patients. Early studies in UC patients undergoing surgery pointed to an increased risk of complications-especially infectious complications-in patients with recent exposure (usually <12 weeks pre-operatively) to biologics [137, 146, 147] . However, in the decade since then, there have been over a dozen retrospective studies with varying results that have called this conclusion into question. Aside from the increased morbidity, readmissions, length of stay and costs associated with perioperative complications, the question of whether biologic treatment increases the perioperative complication rate is of particular importance to UC patients undergoing pouch reconstruction, given the well-characterized association between perioperative complications and worse long-term pouch function [148, 149] .
Despite ongoing interest in this topic, no clear answer has emerged from the literature. Some authors suggest that the proposed increased risk of complications can be mitigated with an initial subtotal colectomy or three-stage approach: Gu et al. [150] report the Cleveland Clinic experience where biologic use in patients undergoing two-stage operation led to a 32% rate of pelvic sepsis at 1 year vs. 16% for patients not on biologics. Interestingly, this difference is not present 30 days post-operatively and the general increase in complications disappears when comparing patients undergoing subtotal colectomy as the initial operation (complication rates of 6 and 10% for biologic and non-biologic-treated groups). Nørgå rd et al. [151] presented the results from the Danish registry tracking over 1000 UC patients who underwent colectomy, of whom 199 were exposed to biologics. The authors found no difference in mortality, anastomotic leak, need for drainage or re-operation between the biologic-and non-biologic-treated groups. However, more than 80% of the biologic-treated group underwent an initial colectomy without proctectomy. Another single-center study by Hicks et al. [139] showed higher initial complications in patients undergoing two-stage vs three-stage operations (although only 29% and 18% of patients were on biologics at the time of operation); however, when cumulative complications of all operations were compared, the rates were similar. Interestingly, in this cohort, neither biologic usage nor steroid was associated with complications, but surgeon experience was.
Several meta-analyses and systematic reviews have examined the effect of biologics on perioperative outcomes, but the results are difficult to interpret [75, 78, 136, 152] (Table 5) . Yang et al. [152] found no significant difference in infectious or noninfectious complications separately, but an increased risk of total complications (excluding one study) with biologic treatment was found (OR 1.80, 95% CI: 1.12-2.87). Both Narula et al. [75] and Billioud et al. [78] showed increased complications in IBD patients undergoing surgery on biologic therapy, but this finding lost its statistical significance when applied to UC patients only. Selvaggi et al. [136] performed a meta-analysis on UC surgery in general and specifically on primary IPAA surgery. When examining only primary IPAA surgery, they showed a significant increase in the risk of early complications and post-ileostomy closure in biologic-treated patients, with odds ratios of 4.12 (95% CI: 2.37-7.15) and 2.27 (95% CI: 1.27-4.05). However, similarly to other meta-analyses, when examining all UC patients undergoing any surgery, they found a non-significant trend towards a higher complication rate in UC patients on biologics (OR 1.19, 95% CI: 1.00-1.42) and, interestingly, a lower rate of surgical-site infections (OR 0.67, 95% CI: 0.45-0.99).
In differentiating patient subgroups based on pre-operative biologic use, most authors grouped any exposure to biologic medication within 12 weeks of the operation into the 'biologic' group. However, this is likely too broad a category. Two recent papers have examined biologic drug levels in UC patients undergoing surgery with a reported biologic treatment history [82, 84] . Neither found a significant difference in perioperative outcomes between those UC patients with detectable vs undetectable levels, although, notably, both studies showed a significant proportion 71% (43/60) and 47% (9/19) of biologic-treated patients with undetectable levels at the time of operation. In studies where timing from last dose of biologic was examined, rather than serum levels, no association between increased complications and timing of last dose was noted [84, 153] .
There are limited studies on non-TNF-a inhibitor biologics in perioperative outcomes for UC patients. Two groups examined the effect of vedolizumab on perioperative outcomes in IBD cohorts including UC and CD [85, 86] . Lightner et al. [85] found a significantly increased rate of post-operative complications in the vedolizumab-treated group (53%) versus the non-biologic group (33%) and the TNF-a inhibitor group (28%) in IBD patients, although most of the difference was in surgical-site infection. However, only 24% (22 patients) of the cohort had UC and subgroup analysis was not reported. Yamada et al. [86] performed a subgroup analysis of 24 UC patients treated with vedolizumab and demonstrated no increase in perioperative complications, and in fact saw a significant decrease in surgical-site infections. A recent meta-analysis of five studies also found no increase in total or infectious complications with pre-operative vedolizumab as compared to other TNF-a inhibitors or no biologic therapy [154] .
Forming general conclusions about the effect of biologic medication on perioperative complications is not simple. The results are mixed and there is much heterogeneity within the patient populations in reported studies. Newer studies offer increasing granularity regarding biologic treatment and patient status, but the absolute numbers are small. Nevertheless, several themes emerge from the data. The first is that the association, if any, between biologic treatment and perioperative complications is less strong than in CD patients. Second, subtotal colectomy appears to be an effective way to avoid initial complications in UC patients being treated with biologics, but this does commit the patient to a longer, more expensive course that is not without risk of complications. Finally, at this time, it is very difficult to tell whether biologic treatment is an independent driver of patient outcomes or simply a marker of severe disease. Increasing rates of malnutrition, worsening rates of readmission and high rates of complications since the introduction of biologics tell us that the surgical population is getting sicker [9, 144] . However, there will clearly remain a population of UC patients who will inevitably need surgery and it is unclear whether this population's outcomes will be worsened by direct effects of biologic treatment or indirectly by their use in prolonging time to surgical cure. Further studies with quantitative drug levels and more granular temporal associations will be necessary to gain resolution on these distinctions.
Conclusions
Biologic treatment has been proved to be a paradigm shift in the medical treatment of IBD patients. However, it does not appear to have substantially reduced the role of surgery in IBD care, with only minor decreases in surgical rates in recent years. Biologics may delay the necessity for surgery, especially in UC, potentially at the cost of increasingly severe malnourishment and chronic illness at the subsequent time of operation. As with all new treatments, there are nuances to the interaction of surgery and biologic treatment that require further study, including specifics pertaining to the quantitative effect of individual and combined drug regiments-including non-TNF-a biologic medication-on perioperative outcomes. Prospectively gathered data, with specific attention on not only treatments, but also patients' perioperative condition, will allow surgeons to move beyond mixed data and personal preference to better, data-driven, surgical decision-making in the biologic era.
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